Introduction
============

Prader--Willi syndrome (PWS) is considered the most frequent genetic cause of obesity, occurring in \~1:10,000--1:30,000 live births.[@b1-dmso-11-579],[@b2-dmso-11-579] PWS arises due to the loss of expression of paternally derived genes in the PWS critical region on chromosome 15q11-q13. About 65%--70% of the cases are due to the deletion of this region (type 1 or 2, depending on the proximal break point), 20%--30% are caused by a maternal uniparental disomy (UPD) of chromosome 15, and most of the remaining 2%--5% have an imprinting center defect or unbalanced translocations (\~1%).[@b3-dmso-11-579] More recently, a significant change in the distribution of molecular mechanisms over time has been observed, with a larger proportion of UPD.[@b4-dmso-11-579]

PWS is a complex multisystem disorder, characterized by neonatal hypotonia and feeding difficulties in early infancy, short stature, behavioral problems, cognitive impairment, psychiatric illness, dysmorphic features (characteristic facial appearance, small hands and feet, narrow hands with straight ulnar border, scoliosis), multiple endocrine abnormalities (hypogonadism, growth hormone \[GH\]/insulin-like growth factor-I axis dysfunction, hypothyroidism, central adrenal insufficiency), early development of hyperphagia with food seeking behavior, and progressive development of severe obesity, unless eating is not promptly restricted.[@b5-dmso-11-579],[@b6-dmso-11-579] A complex hypothalamic dysregulation is currently thought to be responsible for the PWS phenotype.

It is noteworthy to see that the course of the syndrome differs significantly during the life span.[@b1-dmso-11-579],[@b5-dmso-11-579] Classically, the typical clinical picture becomes more evident in adulthood. However, early diagnosis combined with multidisciplinary care can change the natural history of PWS favorably.[@b7-dmso-11-579]

Consequently, the diagnosis of PWS should be confirmed very early during the neonatal period, thanks to the development of genetic testing. In this context, findings that should prompt diagnostic testing have been established.[@b8-dmso-11-579] All three of the main genetic abnormalities (deletion, UPD15, and imprinting center defect) can be detected by methylation-specific multiplex ligation-dependent probe amplification analysis. Nevertheless, a high-resolution karyotype is necessary in order to recognize the cases with translocations or other rare chromosomal rearrangements which involve chromosome 15.[@b1-dmso-11-579],[@b9-dmso-11-579]

The mortality rate is higher in patients with PWS than within the general population, and prognosis is significantly conditioned by proactive interventions to prevent morbid weight excess.[@b10-dmso-11-579] For this reason, in this review we analyze the therapeutic options available for the treatment of obesity in PWS, including pharmacological and surgical strategies.

Obesity in PWS
==============

The frequency of obesity in the PWS population varies according to the different age groups, although in all cases it reaches a significant percentage. A prevalence of overweight and obesity of 40% have been reported in children and adolescents.[@b11-dmso-11-579] When considering adulthood, the sum of obese and overweight subjects reaches a percentage ranging from 82% to 98%, depending on the different study groups.[@b12-dmso-11-579],[@b13-dmso-11-579]

Individuals with PWS characteristically have poor feeding and lack of appetite in infancy, followed by uncontrolled appetite and lack of satiety that lead to weight gain, mostly after the age of 2--3 years. These subjects are frequently unable to sense when they are full after eating.

In the absence of rigorous supervision of food intake, many PWS patients weigh more than twice their ideal body weight.

The growing understanding of the natural history of PWS has more recently identified seven successive nutritional and eating behavior phases, proceeding from poor feeding and failure to thrive (Phase 1a), to normal eating without (Phase 1b) or with obesity (Phase 2a), to increased interest for food and weight gain (Phase 2b), and to hyperphagia and life-threatening obesity (Phase 3).[@b14-dmso-11-579]

In the later stages, PWS results in constant and inexorable hunger that drives patients to engage in problematic hunger-related behaviors with affected individuals who do not feel satisfied after completing a meal.

It is noteworthy to observe that in these patients obesity may begin even before the child exhibits a substantial increase in food intake or interest.

In these subjects, excessive eating behavior may have some variations in its nature and severity, but it is clearly a significant, salient, and constant feature of the syndrome, observed in all genetic subtypes. Patients with PWS typically display aggressive and obsessive food seeking, food storage, foraging, and hoarding and stealing of either food or money to buy food, which are viewed by some physicians as part of a broader abnormal behavior. All of these represent a lifelong source of distress for patients and families and negatively affect social adaptation, occupational performance, and quality of life. PWS individuals are forced to live a dependent life, requiring strict control over access to food and continuous care and supervision. Otherwise, most individuals with PWS will go to great lengths to eat large quantities of food, even if it is spoiled, indigestible, or unpalatable to others. It is of note, however, that some adults may develop satiety and reduce their search for food during adulthood (Phase 4).[@b5-dmso-11-579]--[@b14-dmso-11-579]

Obesity of PWS subjects shows distinct phenotypic and metabolic characteristics that are not common to simple obesity.[@b1-dmso-11-579] In fact, lean body mass is lower in PWS subjects than in normal weight individuals and even more so than in obese subjects. Decreased muscle mass is responsible for reduced resting energy expenditure (REE), but a normal relationship between fat-free mass and REE is maintained in PWS subjects.[@b15-dmso-11-579] Individuals with PWS harbor a higher fat mass than simple obesity, under the same degree of body mass index (BMI), both in children and in adults. Excessive fat mass in PWS typically affects the trunk and the proximal extremity of the limbs. Differently to what occurs in non-syndromic obesity, PWS subjects showed lower trunk-to-appendicular fat mass ratio and lower visceral adiposity. In line with these findings, a higher insulin sensitivity is generally reported in PWS patients when compared to a matched obese population.[@b16-dmso-11-579] Data about insulin secretion and body composition in PWS, however, are not univocal. Other authors have observed that PWS and obese controls had similar insulin levels and were similarly insulin resistant.[@b17-dmso-11-579] In addition, PWS subjects with severe obesity have been reported to have a similar proportion of abdominal subcutaneous and visceral fat in comparison to BMI-matched controls.[@b18-dmso-11-579] More recently, a lower proportion of trunkal fat was found in obese women with PWS than in those with essential obesity.[@b19-dmso-11-579]

Altered brain structures have been documented in PWS that may underlie the excessive hyperphagia and the constant hunger, including low number of oxytocin neurones in the hypothalamus[@b20-dmso-11-579] and reduced fractional anisotropy of white matter fibers.[@b21-dmso-11-579] More recently, it has been shown that selective disruption of Snord116 expression in the mediobasal hypothalamus models the hyperphagia of PWS.[@b22-dmso-11-579] However, body weight gain in mice lacking Snord116 is limited to the first 18 weeks of life. Mice carrying a deletion of the Magel2 gene (Magel2KO) is another experimental model of PWS characterized by overeating. New evidence suggests that intraperitoneal administration of oleoylethanolamide (a lipid messenger, produced by small-intestinal enterocytes, that controls feeding, body weight, and energy metabolism) in Magel2KO mice is able to reduce food intake, probably acting through mechanisms underlying satiety control.[@b23-dmso-11-579] These results, combined with imaging studies showing both an increased functional response of the hypothalamus to food stimuli,[@b24-dmso-11-579] the involvement of the amygdala,[@b25-dmso-11-579] and the reduced coupling of the ventral striatum with limbic structures for basic internal homeostasis,[@b26-dmso-11-579] suggest a crucial role of several brain areas in the abnormal regulation of food intake in PWS.

Endocrine control of eating behavior in PWS
===========================================

Several clinical studies have been carried out to evaluate the appetite regulatory systems in PWS patients, in order to understand the role of endogenous appetite suppressants and stimulants underlying the hyperphagic attitude ([Figure 1](#f1-dmso-11-579){ref-type="fig"}). However, the basis for the abnormal eating behavior observed in PWS has not yet been understood.[@b27-dmso-11-579]

Among the anorexigenic hormones, markedly high levels of leptin in PWS have been reported, with a normal relationship between circulating levels of leptin and BMI.[@b28-dmso-11-579] No significant difference was found both in total and in free leptin values among PWS and simple obesity,[@b29-dmso-11-579],[@b30-dmso-11-579] as well as no variation of leptin levels was observed in relation to the changing of PWS eating phenotype.[@b28-dmso-11-579] Therefore, a causal role of leptin for obesity development in PWS seems to be ruled out.

Brain-derived neurotrophic factor (BDNF) is involved in the regulation of energy homeostasis, acting as a satiety signal downstream of leptin--melanocortin signaling. Reduced circulating BDNF levels have been observed in PWS subjects in comparison to weight-matched controls. In this respect, it has been suggested that low basal BDNF levels and lack of postprandial peak may contribute to the persistent hunger of PWS subjects after meals.[@b31-dmso-11-579]

Oxytocin is known to inhibit food intake and PWS is characterized by oxytocinergic dysfunction. Apart from the reduced hypothalamic oxytocin expressing neurons,[@b20-dmso-11-579] abnormally low oxytocin levels in relation to the obesity have been found in PWS,[@b32-dmso-11-579] suggesting a possible role of oxytocin in the abnormal eating behavior of the affected individuals.

The anorexigenic hormones glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) are released in response to nutrient ingestion, reducing caloric intake in both normal weight and obese subjects. No difference in fasting and postprandial GLP-1 levels was reported in PWS subjects when compared to obese and lean controls.[@b33-dmso-11-579],[@b34-dmso-11-579] Data about basal PYY levels in PWS are still conflicting, and low, normal, or high fasting and postprandial concentrations have been demonstrated.[@b35-dmso-11-579] A higher postprandial PYY increase compared to obese and lean controls was also evidenced.[@b36-dmso-11-579] It is interesting to note that different rates of eating behavior seem to induce peculiar responses of anorexigenic gut peptides in PWS compared to simple obesity. In fact, fast feeding leads to higher concentrations of both GLP-1 and PYY, favoring the appearance of satiety in PWS adult patients, this pattern not being evident in obese controls.[@b37-dmso-11-579] Moreover, reduced postprandial PYY secretion is detected in PWS when motivation to eat is induced by highly appetizing foods, suggesting a possible role of PYY agonists in the pharmacological strategy in these patients.[@b38-dmso-11-579]

Cholecystokinin (CCK) is a satiety hormone secreted in response to food consumption and digestion. In PWS individuals, either normal[@b39-dmso-11-579] or elevated[@b40-dmso-11-579] fasting CCK concentrations were observed. Furthermore, similar CCK levels were found after exposure to food in PWS patients and in obese subjects.[@b38-dmso-11-579],[@b40-dmso-11-579]

Pancreatic polypeptide (PP) exerts an anorexigenic effect after a protein meal, and reduced concentrations of fasting and postprandial PP have been found in PWS.[@b28-dmso-11-579],[@b41-dmso-11-579] A slight inhibition of food intake after PP administration was observed in females with PWS,[@b42-dmso-11-579] suggesting that a functional deficiency of PP may be present in these patients.

Obestatin is an anorexigenic peptide derived posttranslationally from preproghrelin. Since significantly higher levels of obestatin were detected in infants with PWS, it has been proposed that this hormone may contribute to their initial growth failure.[@b43-dmso-11-579] These findings, however, were conflicting with other results.[@b44-dmso-11-579]

As previously reported, several reports have shown that PWS is characterized by a state of relative hypoinsulinemia despite severe obesity. Thus, it is possible that fasting and/or postprandial hypoinsulinemia may be involved in the development of hyperphagia.

Adiponectin is an adipokine known to have significant effects on glucose and lipid metabolism, insulin sensitivity, and inflammation. In addition, adiponectin seems to be able to modulate appetite and energy homeostasis, acting on the central nervous system.[@b45-dmso-11-579] Adiponectin may stimulate food intake in the fasting state in short-term experiments, as opposed to reducing food intake in the long term.[@b46-dmso-11-579] In this context, it is of note that PWS subjects showed higher levels of adiponectin in comparison to obese controls.[@b33-dmso-11-579]

Few studies have investigated the role of the orexigenic acting neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons in the control of food intake in PWS. In this respect, no difference in plasma concentrations of NPY and AgRP has been previously found.[@b47-dmso-11-579] More recently, it has been demonstrated that the lack of Snord116 in NPY neurons leads to the upregulation of NPY mRNA consistent with the food-seeking behavior, suggesting a crucial role of Snord116 in the control of NPY neuronal functions that could be altered in PWS.[@b48-dmso-11-579]

Orexin acts as an appetite stimulator, interacting with other neuropeptides to modulate food intake. Manzardo et al[@b49-dmso-11-579] have found significantly higher levels of plasma orexin A in PWS children compared with unrelated siblings, hypothesizing that dysregulation of the orexin system may contribute to an abnormal eating attitude in PWS.

High ghrelin levels have been described in PWS at all ages, both before the development of obesity and after the appearance of hyperphagia in older children and in adults.[@b50-dmso-11-579] Due to its orexigenic action, hyperghrelinemia has been suggested as a potential cause of increased appetite and weight gain in PWS.[@b51-dmso-11-579] The mechanisms underlying ghrelin dysregulation in this syndrome are currently unknown. It is of note that circulating ghrelin is present in both acylated and unacylated forms. The unacylated form has been shown to inhibit food intake, while acylated ghrelin exerts an orexigenic effect. In this context, an intrinsic defect has been hypothesized in the acylated ghrelin/unacylated ghrelin ratio in circulation, resulting in a relative acylated ghrelin deficit in PWS infants and a subsequent excess in later life that correlates with the switch in feeding behavior.[@b52-dmso-11-579] However, the suppression of ghrelin achieved with acute or chronic administration of somatostatin in PWS is not associated to a positive effect on food intake and body weight reduction,[@b28-dmso-11-579] indicating that the role of ghrelin in hyperphagia of these patients remains to be clarified.

Comorbidities of obesity in PWS
===============================

Obesity is a major cause of premature morbidity and mortality in PWS.[@b53-dmso-11-579] Without supervision, PWS patients may suddenly die as a result of choking (above all during bouts of heavy eating)[@b54-dmso-11-579] or stomach rupture and necrosis.[@b55-dmso-11-579] On the other hand, the long-term prognosis is significantly worsened by complications usually linked to morbid obesity.

Comorbidities commonly associated with severe weight excess in PWS include respiratory problems (pulmonary embolism, respiratory failure, pulmonary hypertension) and sleep disorders (obstructive sleep apnea), right heart dysfunction, myocardial infarction, arterial hypertension, steatohepatitis, gallstones, deep venous thromboses, and chronic leg edema.[@b10-dmso-11-579],[@b12-dmso-11-579],[@b53-dmso-11-579],[@b56-dmso-11-579] Overall, respiratory and cardiac diseases account for 38% and 16% of deaths in these patients, respectively.[@b57-dmso-11-579] Taking into account the metabolic profile, hyperlipidemia is reported in about a third of the subjects.[@b58-dmso-11-579] PWS subjects show a high prevalence of altered glucose metabolism (24.4%), including type 2 diabetes mellitus (T2DM) with multiorgan failure, that appears more common in obese and adult subjects.[@b59-dmso-11-579] In this context, metabolic syndrome (MS) is a strong risk factor for T2DM, as well as for atherosclerotic cardiovascular disease, and MS might be potentially one of the mechanisms responsible for excessive mortality in PWS. Current findings suggest the main role that obesity status plays on the development of MS in PWS, both in the pediatric age[@b17-dmso-11-579] and in adult patients.[@b60-dmso-11-579] It follows that prevention of obesity remains the most important goal of the PWS therapeutic strategy.

Current standard therapies
==========================

Nutritional management and behavioral modifications in PWS
----------------------------------------------------------

Improvement in weight control remains the most important goal of any PWS treatment program, but the management of obesity in these patients is not easy.

Because of lack of fullness, when unlimited access to food is given, PWS patients are capable of consuming huge amounts of calories. Moreover, PWS subjects gain weight if they consume the same number of calories as other individuals of the same age and height, due to sarcopenia and the resulting reduced REE. Therefore, properly planned nutritional treatment is an extremely important tool in such patients. In this context, a correct food intake must be able to prevent malnutrition in the first months of life.[@b61-dmso-11-579]

Subsequently, a program of a low-calorie, well-balanced diet and close supervision to minimize food stealing must be established from the first months of life in order to prevent obesity and its consequences, in addition to exercise and behavior modification.[@b9-dmso-11-579],[@b62-dmso-11-579],[@b63-dmso-11-579]

Consultation with a dietician (nutritionist) and close follow-up from infancy through adulthood are always necessary, providing the needed nutrients while restricting calories in order to maintain a healthy weight.

Due to the decreased REE in PWS, caloric needs of infants and children with PWS are typically 60%--80% of the recommended daily allowance, which enable them to maintain a stable body weight.[@b61-dmso-11-579],[@b64-dmso-11-579]

Many studies have been performed on diet restriction and physical activities in PWS, with different and sometimes conflicting results.[@b65-dmso-11-579]--[@b67-dmso-11-579]

It has been demonstrated that before these children begin to develop excessive weight gain, which typically occurs at the age of \~2 years, an energy-restricted and well-balanced diet (\~30% fat, 45% carbohydrates, and 25% protein, and at least 20 g of fiber per day) can help reduce weight gain and fat mass.[@b68-dmso-11-579]

In later ages, strategies to cope with their longing for food, their asking for more food, and their food seeking behavior should be individually developed, taking into account that PWS individuals require fewer calories (40%--70% reduction) compared with nonobese controls.[@b69-dmso-11-579]

Other weight management strategies should include weekly weighing, complete control of food intake, environmental barriers to food access (such as locking the kitchen, refrigerator, and/or cupboards to avoid food stealing), and restriction to money and diet.

PWS patients should be educated to know what to expect in order to minimize anxiety and to manage behavioral alterations, developing a feeling of "food security" as developed by Pittsburgh Patnership.[@b70-dmso-11-579]

Management also means locks on pantries, fridges, food cupboards -- not straight away, but when food seeking becomes apparent. Although this might seem antiquated and unfair, it is incredibly helpful to the person with PWS to know that food is secure and is not a temptation to them.

The support of teachers, grandparents, carers, and family friends is needed to help ensure that children adhere to prescribed diet, eating routines, healthy eating behaviors, and daily exercise. This is not always easy because the diet is very restrictive and because a child with PWS does not feel satisfied after eating. It is mandatory to resist giving food treats, even if the child does not look overweight.

Children with PWS usually have less muscle mass and lower muscle tone than other children, and are therefore more prone to avoid physical activity.[@b71-dmso-11-579] Subjects with PWS of all ages with low muscle mass (lean body mass) will burn less energy throughout the day than others with high muscle mass.

Therefore, physical exercise should be part of the regular routine in these patients, together with occupational and behavioral therapy. Daily exercise should be mandatory and should begin at an early age. There are all types of exercises designed to strengthen muscles and therefore if a PWS child is under a physiotherapist, one should make sure that an early exercise program is started.[@b72-dmso-11-579]

Exercise should be encouraged at all times -- even "hidden" exercise, such as parking further away in the supermarket carpark, climbing stairs, helping push the supermarket trolley etc, is recommended in PWS during their entire lifetime.

In any case, prevention of obesity is very important in these patients from the very first years of life because when obesity has already developed it is not possible to maintain a control of food intake.

In fact, dietary, physical activity and behavior interventions have not been demonstrated to result in significant long-term success due to food-seeking behavior and lack of appetite control in a high percentage of patients with PWS. Finally, it is necessary to keep the patient occupied with recreational activities that distract him from food.

In [Table 1](#t1-dmso-11-579){ref-type="table"}, some tips on good eating behaviors for PWS patients are reported.

Pharmacological treatment of obesity in PWS
-------------------------------------------

Pharmacotherapy options in patients with PWS are very limited, and to date no medications have shown long-term effectiveness in controlling appetite in PWS patients.[@b73-dmso-11-579],[@b74-dmso-11-579]

The drugs used over time targeted lipid digestion/absorption (orlistat), carbohydrate metabolism (metformin), increase of energy expenditure (sibutramine, lorcaserin, bupropion, naltrexone), and food seeking behavior (topiramate, rimonabant, somatostatin analog, exenatide, liraglutide) ([Table 2](#t2-dmso-11-579){ref-type="table"}).

Orlistat is a pancreatic lipase inhibitor and is useful for limiting fat absorption to up to 30% of ingested fats. Due to the peripheral mechanism of action, it has no central side effects and presents additional benefits on lipid profile and hypertension.[@b75-dmso-11-579] Nevertheless, undigested fats change stools, which can limit in some cases the long-term compliance. Absorption of fat-soluble vitamins and β-carotene is decreased by orlistat therapy, with vitamin D being the most frequently affected; therefore, a supplement of these vitamins is required during long-term treatment.

Reports related to orlistat use in PWS subjects are scarce, with modest efficacy, poor compliance, and gastrointestinal side effects.[@b76-dmso-11-579]

Metformin is frequently used in PWS patients with T2DM and/or insulin resistance. It seems that metformin may improve the sense of satiety and decrease anxiety about food in some individuals with PWS. In a pilot study performed in adults with PWS, metformin reduced appetite especially in females and in those with hyperinsulinemia, perhaps by increasing insulin sensitivity.[@b77-dmso-11-579]

Gastrointestinal problems can be frequent and may rarely lead to vitamin B12 deficiency.

Serotonin reduces food intake, and thus appropriate agonists for serotonin receptors are possible valuable drugs. Among these, sibutramine, as an unspecific inhibitor of serotonin and norepinephrine reuptake, was proposed in PWS patients after considering favorable results obtained in obese patients and in hypothalamic obesity.[@b78-dmso-11-579] Unfortunately, due to its adverse cardiovascular effects it was withdrawn from the market a few years ago.[@b79-dmso-11-579]

Lorcaserin is a high-affinity selective agonist of the serotonin 2C receptor and is effective in inducing ≥5% weight loss in obese individuals. In addition to weight loss, as compared with old unspecific serotonin agonists, lorcaserin had beneficial effects on surrogate markers of cardiovascular and diabetes risk, including decreases in blood pressure values, heart rate, total and LDL cholesterol, fasting glucose, insulin levels, C-reactive protein, and fibrinogen.[@b80-dmso-11-579],[@b81-dmso-11-579] Currently, there are no studies on PWS obesity using lorcaserin. In this context, a short-term positive effect of fenfluramine, another serotonin releasing agent, in patients with PWS has been previously reported.[@b82-dmso-11-579] Thus, lorcaserin may hypothetically be considered as a future tool for control of hyperphagia in these patients.[@b83-dmso-11-579]

Rimonabant blocks endocannabinoid CB1 receptor in the central and peripheral nervous systems and other key cells involved in body energy metabolism and has been tried for the treatment of obesity in adult subjects. Rimonabant promoted weight loss by multiple proposed mechanisms, including decreased appetite and lipogenesis, and increased energy expenditure. The effects in PWS adults are similar in terms of weight loss and decreased appetite, but psychiatric side effects (anxiety, disturbed sleep, paranoid ideation, and psychotic reactions) limited its use.[@b84-dmso-11-579]

However, the drug was withdrawn from the market in January 2009, following increased incidence of major depression and even suicide in treated subjects.

Bupropion is a sympathomimetic drug that inhibits reuptake of catecholamines, dopamine and norepinephrine, and activates central melanocortin pathways in the arcuate nucleus (α-MSH and β-endorphin secretion); it decreases hunger and increases energy expenditure. It is primarily used as an atypical antidepressant and smoking cessation aid, and also in hyperactivity disorder with limited success. Naltrexone, an opioid receptor antagonist, blocks β-endorphin inhibition of α-MSH release, and decreases hunger and increases energy expenditure.

Naltrexone and bupropion have independent actions in the brain's reward system and in proopiomelanocortin (POMC) neurons of the hypothalamus, but it seems that the systemic effects of this combination produce a synergistic effect of decreasing food intake and weight.[@b85-dmso-11-579]

The combination naltrexone--bupropion has recently been used in the treatment of obesity,[@b86-dmso-11-579] but not in PWS patients. Previous data on the use of naltrexone alone in PWS children and adolescents showed a slight improvement in weight control, skin picking, and behavior.[@b87-dmso-11-579],[@b88-dmso-11-579] Therefore, this treatment needs to be examined further in long-term clinical trials involving PWS patients of all ages.

GH deficiency is present in almost all PWS children, as well as in a significant percentage of adults.[@b89-dmso-11-579] GH therapy is effective in increasing height, decreasing body fat, increasing fat-free mass, and improving muscle strength. In addition, several studies suggest positive effects on development and behavior, including mental speed, flexibility, motor performance, and increased alertness.[@b90-dmso-11-579],[@b91-dmso-11-579] If started at a young age, GH therapy, along with good dietary control, may delay obesity and fat mass and may prevent the development of the typical facial appearance.[@b92-dmso-11-579]

However, GH administration seems to be ineffective in decreasing appetite and food seeking behaviors. Nevertheless, long-term observational studies reviewing treatment with GH showed improvement in body mass composition and reduction in BMI, even if PWS subjects treated with GH were still obese.[@b93-dmso-11-579] Eight years of GH treatment in 60 children with PWS significantly lowered the BMI standard deviations score (SDS) in comparison to baseline.[@b94-dmso-11-579] Although the percentage of fat SDS improved during the first year of GH treatment, it returned to the baseline level after 8 years of therapy. A possible explanation for this phenomenon could be that the gradual increase in percentage of fat seen over the years during the natural clinical course of PWS cannot be fully restrained by GH treatment.

Based on elevated ghrelin concentrations found in individuals with PWS, in a 56-week study octreotide (long-acting somatostatin analog) significantly decreased fasting ghrelin concentrations (both acylated ghrelin, known to stimulate hunger, and unacylated ghrelin), but did not significantly affect weight, behavior, or appetite in nine adolescents with PWS.[@b95-dmso-11-579]

In addition, it seems that both short-acting and slow release formulations of somatostatin analogs are not an effective therapy for obesity in PWS.[@b96-dmso-11-579]

In PWS, recurrent psychoses are relatively frequent, especially in patients with UPD, after adolescence. These episodes have a subacute onset with complete recovery and include an increase of psychomotor symptoms similar to catatonia. Gamma-aminobutyric acid (GABA) neural circuits dysfunctionality is involved in both PWS and catatonia.[@b97-dmso-11-579]

Treatment of these atypical psychoses could include topiramate. This antiepileptic drug has modulator effects on Na^+^ channels, GABA, and AMPA/kainate receptors and is also known to affect food seeking behavior. In an 8-week open-label study in patients with PWS, topiramate had no significant effect on appetite and BMI, but, surprisingly, resulted in a clinically significant improvement in self-injury (ie, skin-picking) that is a characteristic of this syndrome.[@b98-dmso-11-579]

Treatment with GLP-1 agonists (exenatide, liraglutide) has been shown to have beneficial effects on weight, satiety, and glycemic control in PWS adults with T2DM.[@b99-dmso-11-579],[@b100-dmso-11-579] These medications have been well-tolerated (less bloating, nausea, and vomiting) in PWS patients, possibly due to the higher threshold for pain and nausea in these patients. However, caution must be used due to potential side effects of delayed gastric emptying and pre-existing risk for gastric rupture in the population.[@b101-dmso-11-579]

In a pilot study in adult PWS and obese control patients, a single dose of 10 µg of the GLP-1 receptor agonist exenatide increased satiety independently of the measured appetite hormones, lowered glucose before and during a control meal, and increased the insulin secretion rate in both groups.[@b99-dmso-11-579] It is noteworthy that side effects were absent in PWS.

The efficacy of long-term treatment with subcutaneous liraglutide (recommended daily dosage between 1.2 and 1.8 mg) or exenatide was evaluated in adult PWS patients with T2DM. During 24 months of therapy, a tendency toward decreased BMI, HbA1c, and waist circumference, and a significant decrease of mean glycemia during continuous glycemic monitoring was detected, especially during the first 12 months.[@b102-dmso-11-579]

The beneficial effects of liraglutide on body weight and metabolic control could be further confirmed by the chronic use of the new 6 mg/mL formulation (maximum dose 3 mg/day).

The effectiveness of various food supplements for the treatment of hyperphagia is not confirmed by scientific evidence and therefore their use is not justified in such patients.

Several medications are in clinical trials for PWS including beloranib (Zafgen Inc, Boston, MA, USA), RM-493 (Rhythm Pharmaceuticals, Boston, MA, USA), diazoxide (Soleno Pharmaceutics, Redwood City, CA, USA), AZP-531 (Alizé Pharma, Ecully, France), intranasal oxytocin, and oxytocin analog (Ferring Pharmaceuticals, Saint-Prex, Switzerland). Each of these agents has a different target, ranging from affecting fat metabolism to directly influencing the hypothalamic pathways of appetite and satiety.[@b103-dmso-11-579]

Beloranib is a methionine aminopeptidase 2 (MetAP2) inhibitor that reduces fat biosynthesis and increases fat oxidation and lipolysis as well as metabolic and hormonal changes. In other words, it reduces the production of new fatty acid molecules by the liver and facilitates the conversion of stored fats into energy. It may also have a satiety effect on the hypothalamus. Beloranib and other MetAP2 inhibitors reduce hunger, food intake, and hyperphagia-related behaviors, with patients losing weight and feeling less hungry.[@b104-dmso-11-579]

This drug has produced significant weight loss and reduction of hyperphagia in a Phase 3 randomized trial of patients with PWS.[@b105-dmso-11-579]

However, both the Phase 3 PWS trial and a Phase 2 trial in people with severe obesity complicated by type 2 diabetes were blocked early following the death of two PWS patients due to pulmonary emboli. Furthermore, a small number of additional patients from both trials showed not fatal thrombotic events while taking beloranib.

Development of beloranib is now on clinical hold until further data and a risk mitigation strategy are discussed with the US Food and Drug Administration.

It is probable that the adverse events might be part of the syndrome in addition to the effects of the drug.

More recently, another MetAP2 inhibitor, ZGN1061, was recently investigated for the treatment of diabetes and obesity.[@b106-dmso-11-579] The effects on endothelial cells proliferation and coagulation proteins seem greatly attenuated or absent, compared to beloranib.

Setmelanotide is a melanocortin-4 receptor (MC4R) agonist also known as RM-493. It is a peptide that binds with high affinity to the human MC4R and is efficient in activating it. Setmelanotide significantly increases REE and preferentially increased fat oxidation in obese individuals with minimal side effects and no effects on blood pressure. Clinical trials demonstrated promising weight loss with good tolerability. Setmelanotide potentially offers a mechanism-based treatment of obesity in POMC deficiency, which in effect provides a substitute for the absent melanocyte stimulating hormone.[@b107-dmso-11-579]

A Phase 2a trial ([ClinicalTrials.gov](http://ClinicalTrials.gov): NCT02311673) evaluated the safety and efficacy of this drug in PWS in which reduced POMC activity (leptin--melanocortin pathway activity -- MAGEL2 gene inactivated) was demonstrated.

The trial was recently completed in these patients but only modest changes in hyperphagia without changes in weight were obtained (unpublished data). For this reason, up to date, the results do not support moving directly to Phase 3.

Diazoxide, which has been used for many years for hypoglycemic conditions with hyperinsulinism and hypertensive crises, opens the K~ATP~ channels in the brain, reducing the synthesis and secretion of appetite stimulatory neuropeptides, NPY and AgRP, thereby reducing hyperphagia. It may also amplify the effects of GABA on GABAnergic neurones and thereby limits the aggressive and other behavioral complications in PWS.

This drug seems to be of potential benefit for patients with PWS as it could reduce the excessive food intake mediated by orexigenic NPY and increase REE.[@b108-dmso-11-579]

A Phase 2 study (PC025 pilot study) with diazoxide choline controlled-release (DCCR) tablet has been completed in children with PWS, obtaining a reduction of appetite, improvement in cardiovascular risk factors, insulin sensitivity, and a reduction in waist circumference (suggestive of a loss of visceral fat).[@b109-dmso-11-579] In this context, a multicenter Phase 3 clinical trial ([ClinicalTrials.gov](http://ClinicalTrials.gov): NCT03440814) with DCCR for the treatment of PWS was initiated in May 2018.

As previously mentioned, several data suggest the existence of abnormalities of the oxytocin system in PWS. Thus, the administration of oxytocin may potentially have some effects on appetite in PWS.

To date, five clinical trials have evaluated the efficacy of oxytocin in PWS, but the results are not univocal. Some authors have investigated the effects of oxytocin on food-related and social behaviors of these patients with variable results. The majority of studies have not shown significant improvement in food-related behaviors.[@b110-dmso-11-579]--[@b112-dmso-11-579] On the contrary, an improvement in oral feeding skills has been observed in very young PWS infants receiving a short course of oxytocin within the first 6 months of life,[@b113-dmso-11-579] possibly indicating that early administration of oxytocin can modify the natural history of feeding and feeding-behaviors in these subjects.

It is possible that factors associated with early intervention, placebo effects, experiment design, and dose regimens may account for these equivocal findings. Currently, however, there is no randomized controlled evidence convincing that intranasal oxytocin improves symptoms and hyperphagia in individuals with PWS.[@b114-dmso-11-579] Recently, intranasal carbetocin, an oxytocin analog, was used in a prospective, randomized, double-blind trial in adolescents with PWS. The drug was well-tolerated and improved hyperphagia and behavioral symptoms in these patients.[@b115-dmso-11-579]

AZP-531 (livoletide), an unacylated ghrelin analog, was used in a multicenter, randomized, double-blind, placebo-controlled Phase 2 clinical trial in 47 PWS patients.[@b116-dmso-11-579] With this treatment carried out for 2 weeks there was a significant improvement in food-related behaviors, supported by a reduction in hunger, as well as encouraging metabolic signals. In Phase 1 trials, this drug improved glycemic control and weight in non-PWS individuals with obesity and type 2 diabetes. Therefore, it may constitute a new treatment strategy to improve hyperphagia and metabolic issues in patients with PWS. However, these findings require further investigation in longer clinical trials.

Non-pharmacological treatment of obesity in PWS
-----------------------------------------------

Even though dietary measures and behavioral intervention are the gold standards in managing weight control in PWS, it is still necessary to achieve long-term improvement of hyperphagia. In order to improve the hyperphagic behaviors exhibited during the habitual dietary restriction by caregivers, it was recently demonstrated that an extract of the Indian cactus succulent *Caralluma fimbriata* is able to induce a significant reduction of hyperphagia modifying appetite behavior within a cohort of PWS children and adolescents.[@b117-dmso-11-579]

Based on the positive effects of intraperitoneal oleoylethanolamide administration in reducing food intake in Magel2KO, other authors have recently suggested a possible therapeutic use of this naturally occurring lipid in the management of PWS.[@b23-dmso-11-579]

Deep brain stimulation (DBS)
----------------------------

Based on neuroanatomical results that have recently emerged in the understanding of obesity in PWS patients and given the linked neural reward circuit dysfunction, DBS could represent, in the near future, another possible treatment modality in these particular patients.[@b118-dmso-11-579]

Some devices that are currently being tested also may reduce appetite and improve food-related behavior in individuals with PWS, including transcranial direct current stimulation and vagal nerve stimulators.[@b119-dmso-11-579] These techniques seem to provide a safe, painless, inexpensive, nonrestrictive, and noninvasive method to modify neuronal functioning and to positively influence the cognitive process.

Bariatric surgery
-----------------

Due to mounting evidence of the adverse long-term consequences of severe obesity coupled with the poor efficacy of nonsurgical options for weight loss, and a demonstrated safety and efficacy record of laparoscopic bariatric procedures in adult obese patients*,* there has been increasing interest in bariatric surgery also for PWS and severe obesity.[@b120-dmso-11-579],[@b121-dmso-11-579] It has been recommended that adolescents with BMI ≥35 kg/m^2^ and severe comorbidities that have significant short-term effects on health, such as moderate to severe obstructive sleep apnea, T2DM, pseudotumor cerebri, or severe and progressive steatohepatitis, or BMI ≥40 kg/m^2^ with more minor comorbidities can be considered as candidates for bariatric surgery.[@b122-dmso-11-579]

Currently, the most widely performed procedures in adolescents and adults (without PWS) are Roux-en-Y gastric bypass (RYGB), sleeve gastrectomy (SLG), and the adjustable gastric band (AGB).[@b123-dmso-11-579] Recent data suggest that SLG may be a safe alternative to RYGB, probably with fewer nutritional risks. SLG has the advantage of avoiding a foreign body and potential associated complications. It can be performed as the first step of a biliopancreatic diversion (BPD).[@b124-dmso-11-579]

To date, bariatric surgery experience in PWS is limited, and different bariatric procedures have been used with varying success.[@b125-dmso-11-579],[@b126-dmso-11-579] It is noteworthy that not all bariatric procedures are applicable for PWS subjects with obesity.[@b127-dmso-11-579]

The AGB procedure is not useful for patients with PWS. Malabsorptive procedures such as BPD are not always recommended for PWS as a first choice due to lack of safety data and also because of long-term nutritional complications.[@b128-dmso-11-579]

Mini-gastric bypass (MGB) was recently used in the management of morbid obesity in PWS.[@b129-dmso-11-579] No nutritional impairment, weight regain, or need for revision surgery was recorded. MGB appeared to provide effective weight reduction in PWS without any significant nutritional impairment or weight regain.

Bariatric surgery in PWS is able to induce significant weight loss in the majority of cases, within the first years after surgery, but it is not always able to guarantee long-term weight loss maintenance.[@b130-dmso-11-579] In addition, the risks and benefits of weight-loss surgery for individuals with syndromic obesity (such as PWS) have not been adequately explored, and information about long-term outcomes is limited. In this context, some authors believe that bariatric surgery could be contraindicated in this population, because it is often not accompanied by a decrease in appetite that occurs in typical individuals with obesity.[@b131-dmso-11-579]

Furthermore, the increased risk of gastric rupture in PWS could be exacerbated by bariatric surgery.

A study has indicated that 3%--6% of mortality in PWS is due to gastric necrosis as a result of severe gastric distension following binges of food intake.[@b55-dmso-11-579]

However, to date, this complication has never been described after bariatric surgery,[@b125-dmso-11-579] even if the lack of long-term prospective studies does not exclude the possibility that this harmful complication in PWS patients may occur.

Consequently, patients with severe hyperphagic behavior need to be screened and carefully evaluated before any surgery is considered, in order to minimize the risk of post-surgery complications. Parents and caregivers should be aware of any suspicious sign or symptoms of possible gastric rupture or necrosis, such as vomiting and abdominal pain, that can be treated successfully with early identification.

In spite of this, obesity-related diseases such as diabetes and obstructive sleep apnea, as well as a quality of life, improved after surgically induced weight loss in PWS subjects.[@b125-dmso-11-579] For this reason, bariatric surgery may represent a sign of hope for these patients and should be considered when dealing with life-threatened PWS patients.

Weight loss surgery for PWS should, however, be performed in the context of a multidisciplinary program with specific expertise in genetic obesity, bariatric surgery, nutrition, and psychology. Careful assessment, family involvement, and follow-up in a multidisciplinary setting are vital for the success of surgery. In fact, before opting for bariatric surgery, which is, however, an irreversible treatment, parents and/or patients need to know its benefits, risks of morbidity and mortality, and psychological effects. Moreover, it is necessary to bear in mind that lifelong supplementation with vitamins and minerals is mandatory for all patients undergoing any bariatric procedure, in order to avoid development of nutritional complications secondary to reduced intake, mild malabsorption, or both.[@b132-dmso-11-579]

From our experience, laparoscopic SLG would be a good option for PWS patients and should be performed in obese patients with a heightened danger of mortality, because it is almost always safe, and when no other effective alternative therapies are available. In some cases, after surgery appetite can be reduced and the patient is satisfied first.

BioEnterics® Intragastric Balloon (Allergan, Irvine, CA, USA) is another procedure also used in some patients with PWS, wherein a gastric balloon is placed in the stomach for 6--7 months.[@b133-dmso-11-579] Only modest weight loss was obtained together with complications in some cases. It could be more useful if used in the preparation of bariatric surgery (ie, SLG).[@b134-dmso-11-579]

In conclusion, evidence regarding bariatric surgery appears to provide effective weight reduction in many patients with PWS. However, more robust, controlled, prospective studies with a longer follow-up are required in order to define the efficacy of these procedures in PWS patients.[@b135-dmso-11-579]

Current and future perspectives
===============================

Currently, treatment of obesity in PWS is very difficult; therefore, the prevention of obesity in PWS subjects is of primary importance. Early institution of multidisciplinary care and parental education enable a significant number of children to keep their weight within a healthy range. Differently from older patients, early diagnosis of the syndrome now allows proper management to be designed to avoid obesity, through the introduction of a low-calorie and well-balanced diet together with appropriate psychological and behavioral counseling for the family. A discussion with parents immediately after birth on the unavoidable hyperphagia is essential, allowing them to acquire the ability to set limits and control food intake, as well as to promote physical activity.

Regular recreational activities are very useful to distract the patient from the search for food. It is mandatory that all children with PWS should begin a weight management program before the onset of hyperphagia.

Once obesity has developed, strategies for managing excess weight in PWS do not simply include a diet, but require a comprehensive multidisciplinary approach with establishment of rigid structures to limit food intake and promote supervised physical activity. Adequate management of obesity is also necessary to avoid major morbidities and increased mortality across the life span. In this context, rigorous supervision of obese PWS patients together with restriction of access to food and money and regular exercise can sometimes achieve good control of weight, reducing the onset of obesity-related complications.

However, lifestyle interventions are often ineffective, particularly in older PWS patients and in those that have received a late diagnosis. Especially in these patients, the possibility of discovering a drug to treat obesity is one of the most important challenges for future research. In fact, the greater majority of drugs currently available have been proved to be ineffective to treat hyperphagia and the resulting excessive weight gain with the promising exception of GLP-1 agonists.

In this light, the renewed interest of pharmaceutical companies in the development of new molecules for the therapy of genetic obesity is noteworthy. Trials currently underway on several new drugs in PWS patients (ie, setmelanotide, GLP-1 agonists, AZP-531, oxytocin, diazoxide, etc) show promising results, giving rise to much hope in the not too distant future.

Since specific medical treatment has not yet been discovered to alleviate the problem of obesity, sometimes, bariatric surgery in PWS could be considered for the control of morbid obesity. When dietary, behavioral, and pharmacological approaches fail, surgery could represent a valid therapeutic option in selected cases and in the presence of severe and progressive obesity with serious comorbidities.

Nevertheless, it is important to keep in mind that individuals with PWS have psychiatric issues, organic limitations (defect in satiety, altered pain threshold, abnormal gastric homeostasis, and decreased ability to vomit),[@b131-dmso-11-579] and the need for close nutritional monitoring after bariatric procedures that, as a whole, can make the surgical intervention useless or harmful. In this regard, it would be optimal to have drugs which are able to obtain a substantial improvement in the eating patterns/behavior aspects before performing surgery.

In this light, however, appropriate surveillance is needed to assess the long-term outcome of surgery, both in terms of maintaining weight loss and resolving comorbidity, as well as to evaluate the appearance of complications related to these procedures. A psychologist and a dietician should always be present at each postoperative visit.

In conclusion, the treatment of obese PWS patients requires a multidisciplinary approach, from a pediatrician, endocrinologist, dietician, clinical geneticist, physical therapist, psychiatrist, and surgeon, in order to provide appropriate care for the complex phenotype of PWS patients. No single treatment has proven benefits, but an extended life-span and a better quality of life can be obtained by cooperation between the experts involved.
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![Circulating levels of orexigenic and anorexigenic hormones in PWS.\
**Notes:** Orexigenic modulators are shown with a double circle, while the single circle represents anorexigenic stimuli. Gray circles represent neuromodulators of the central nervous system, while white circles represent peripheral stimulators of food intake. ↑ high; ↓ low; = normal; ↑↓low, normal, or high levels.\
**Abbreviations:** AgRP, agouti-related peptide; BDNF, brain-derived neurotrophic factor; CCK, cholecystokinin; GLP-1, glucagon-like peptide 1; NPY, neuropeptide Y; PP, pancreatic polypeptide; PWS, Prader--Willi syndrome; PYY, peptide YY.](dmso-11-579Fig1){#f1-dmso-11-579}

###### 

Tips on good eating behaviors for Prader--Willi syndrome patients

  --------------------------------------------------------------------------------------------------------------------------------
  1\. Provide a wide choice of healthy foods, especially a large variety of vegetables, salads, fruits, and lean meat.
  2\. Above all drink plenty of water, and encourage the patient to do the same.
  3\. Prepare smaller portions of food.
  4\. Avoid giving extra treats (like biscuits and candy etc) so that the patient does not get used to the "sweet taste."
  5\. Do not restrict food treats as a form of punishment and avoid food rewards; try to adopt other types of recompenses.
  6\. Stimulate and incite the patient to do physical exercise and other calorie consuming activities.
  7\. Create a daily program which includes all activities, exercise, meals, and breaks.
  8\. Always speak to the child before making any changes in daily routine.
  9\. Give instructions to the child regarding good food options.
  10\. Promote a strategy to stem continuous requests of food.
  11\. Approve and laud all good behavior with instant rewards (hugs, gadgets).
  12\. Do not struggle to make the child reason.
  13\. All carers, teachers, family friends involved should support the parents/chief carers of Prader--Willi syndrome patients.
  14\. A multifaceted approach is needed to control the food environment, behavior management, diet, and physical exercise.
  15\. Keep the patient occupied with recreational activities that distract him/her from the search for food.
  --------------------------------------------------------------------------------------------------------------------------------

###### 

Medications used to treat weight loss and their effects in PWS

  Medications                               Mechanism of action                                                                                                                                         Positive effects                                                                                   Side effects
  ----------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------
  • Orlistat                                Reversible inhibitor of gastric and pancreatic lipases (peripheral mechanism of action)                                                                     Preventŝ30% of dietary fat from being absorbed                                                     Malabsorption of fat-soluble vitamins, severe diarrhea if the patient consumes a lot of fat, steatorrhea
  • Metformin                               Insulin sensitizer; it may allow insulin to reach its receptors in the hypothalamus to stimulate satiety                                                    Improves sense of satiety and decreases anxiety about food                                         Gastrointestinal problems, lactic acidosis, may lead to vitamin B12 deficiency
  • Sibutramine                             Unspecific inhibitor of serotonin and norepinephrine reuptake                                                                                               Increases energy expenditure                                                                       Shortness of breath, increases blood pressure and cardiovascular events, mental health problems arising in some individuals with PWS -- withdrawn
  • Rimonabant                              Endocannabinoid CB1 receptor antagonist (in central and peripheral nervous systems)                                                                         Decreases appetite and lipogenesis; increases energy expenditure                                   Anxiety and psychiatric side effects (depression and even suicide -- psychotic reaction), disturbed sleep -- withdrawn
  • Lorcaserin                              Highly selective serotonergic 5-hydroxytryptamine (5-HT)2C receptor agonist                                                                                 Beneficial effects on markers of cardiovascular and diabetes risks; limited weight loss efficacy   Headache, infection, sinusitis, nausea, depression, anxiety, and suicidal thoughts, possible concerns of cancer risks
  • Naltrexone/bupropion (in association)   Opioid (β-endorphin) receptor antagonist + norepinephrine-dopamine reuptake inhibitor (increase in POMC activity in the hypothalamic melanocortin system)   Decreases hunger and increases energy expenditure; improves skin picking and behavior              Gastrointestinal problems, dry mouth, headache, increased sweating, insomnia, and tremor; blood pressure often increases
  • Growth hormone                          Increases muscle mass, stamina, and bone mineral density, and decreases body fat mass                                                                       Improves development, behavior, flexibility, motor performance, and alertness                      Contraindicated in children with PWS who are severely obese or have severe respiratory impairment
  • Octreotide                              Long-acting somatostatin analog -- decreases fasting ghrelin                                                                                                No significant effects on weight, behavior, or appetite                                            Acute psychoses
  • Topiramate                              Modulates Na^+^ channels, GABA, and AMPA/kainite receptors                                                                                                  Improves food seeking behavior, skin picking, and atypical psychoses                               Fatigue, dizziness, paresthesia, somnolence, ataxia, sedation, nephrolithiasis, mild confusion
  • Liraglutide or exenatide                Glucagon-like polypeptide-1 receptor agonists, increases insulin secretion                                                                                  Improves glycemic control, increases satiety, and reduces body weight                              Nausea, delayed gastric emptying, significant increase in heart rate

**Abbreviations:** PWS, Prader--Willi syndrome; POMC, proopiomelanocortin; GABA, gamma-aminobutyric acid.
